The Trail Making Test (TMT) comprises two psychomotor tasks that measure a wide range of visual-perceptual and executive functions. The purpose of this study was to provide Czech normative data and to examine the relationship between derived TMT indices and demographic variables. The TMT was administered to 421 healthy adults. Two clinical groups (n ¼ 126) were evaluated to investigate the clinical utility of the TMT-derived scores: amnestic mild cognitive impairment (n ¼ 90) and Alzheimer's disease (n ¼ 36). Statistical analyses showed that age and education, but not gender, were significantly associated with TMT completion times and derived scores. Of all the indices, only the TMT ratio score was insensitive to age. We present normative values for the Czech version of the TMT, providing a reference for measuring individual performance in native Czech speakers. Moreover, we found that accuracy on the TMT was improved with the attenuation of age.
Introduction
The Trail Making Test (TMT) is ranked 3 of the 40 most frequently used neuropsychological instruments in clinical practice in North America (Rabin, Barr, & Burton, 2005) . The TMT consists of two parts, Part A and Part B (TMT-A and TMT-B). In TMT-A, the subject is instructed to connect 25 digits randomly distributed on a sheet of paper as quickly as possible by drawing lines between them in increasing order. In TMT-B, the task is to alternate in ascending and alphabetical order between both numbers and letters (e.g., 1 -A-2-B, etc.). Based on the (Reitan & Wolfson, 1993) administration procedure, two scores are obtained that reflect the total time (in s) for task completion for both TMT-A and TMT-B. TMT-A is considered as a measure of psychomotor speed and visual attention, whereas TMT-B is considered as a measure of executive control, more specifically cognitive flexibility (Jacobson et al., 2011; Kortte, Horner, & Windham, 2002) and set shifting (Arbuthnott & Frank, 2000) .
The TMT is considered to be sensitive to many dysfunctions in both adults and children (Reitan & Wolfson, 2004) . For example, it is sensitive to cognitive deficits following the subarachnoid hemorrhage (Haug et al., 2007; Ogden, Mee, & Henning, 1993; Orbo et al., 2008 ) and Alzheimer's disease (AD; Amieva et al., 1998; Cahn et al., 1995; Chen et al., 2000;  Archives of Clinical Neuropsychology 27 (2012) 906-914 Lafleche & Albert, 1995) . However, there may be some limitations to its clinical utility. Although the TMT-B can differentiate executive dysfunction between different neuropsychiatric conditions (e.g., Parkinson's disease and progressive supranuclear palsy [Pillon et al., 1995] ), neither the TMT-A nor the TMT-B can discriminate between the executive deficits of AD and vascular dementia (Barr, Benedict, Tune, & Brandt, 2004) . This non-specificity of the TMT may be due to its scoring method, which implicitly combines the cognitive processes of processing speed, visual scanning, and cognitive flexibility.
Two other TMT scoring methods were developed (Lamberty & Axelrod, 2006) that allow for the measurement of executive control and set shifting in a manner that is independent of psychomotor speed and visual scanning. One method is the TMT difference score where the total time to complete TMT-A is subtracted from the total time to complete TMT-B (TMT-B 2 A; subtraction of TMT-A from TMT-B; Heaton, Nelson, Thompson, Burks, & Franklin, 1985) . The other scoring method (Golden, Osmon, Moses, & Berg, 1981) , the TMT ratio score, derives a ratio between the total time to task completion for TMT-B and TMT-A (TMT-B/A; TMT-B completion time divided by TMT-A completion time). A ratio score of ,2.0 indicates relative impairment on TMT-A, whereas a ratio score of .3.0 indicates relative impairment on TMT-B. Prior research has provided inconsistent findings with regard to the relationship between the TMT-B/A ratio score, with some suggesting that there is no relationship (Horton & Roberts, 2001; Lamberty & Axelrod, 2006; Lamberty, Putnam, Chatel, Bielauskas, & Adams, 1994) and one indicating a relationship between age and education, especially in advanced age groups (Drane, Yuspeh, Huthwaite, & Klingler, 2002) .
The interpretation of TMT performance is based on those normative variables that affect performance, which are stratified by age, education, intellectual ability, and ethnicity (Abe et al., 2004; Bornstein & Suga, 1988; Drane et al., 2002; Hester, Kinsella, Ong, & McGregor, 2005; Rasmusson et al., 1998; Soukup, Ingram, Grady, & Schiess, 1998; Tombaugh, 2004; Zalonis et al., 2008) . Consequently, normative data across different countries are not equivalent. Therefore, the basis of normative comparisons for different populations should be derived from the culture in which they were obtained (Fernández & Marcopulos, 2008) . Creating normative data for the TMT Czech version could help establish cultural-specific data thereby minimizing the interpretive impact of misapplying non-cultural-specific normative information (Manly, 2008; van de Vijver & Tanzer, 2004) .
The principal goals of this study were to (a) provide normative data for the TMT in the Czech population stratified by age and education (Drane et al., 2002; Hester et al., 2005; Preiss & Preiss, 2006; Preiss, Rodriguez, Kawaciukowa, & Laing, 2007; Tombaugh, 2004; Zalonis et al., 2008) , (b) determine if the TMT ratio score can better differentiate between different clinical groups than time to task completion (Arbuthnott & Frank, 2000; Lamberty et al., 1994; Lamberty & Axelrod, 2006; Martin, Hoffman, & Donders, 2003) , (c) test whether the TMT ratio score is relatively resistant to demographic influences in various clinical neuropsychiatric groups (Lamberty & Axelrod, 2006) , and (d) create a basis for cross-cultural comparison with existing normative studies from Western cultures (Fernández & Marcopulos, 2008) .
Methods

Participants
The study enrolled a healthy control group and two clinical cohorts. The control group (Ctrl) consisted of 421 healthy subjects (161 men and 260 women; Table 1 ) who we recruited from community-dwelling volunteers. All were required to have no history of brain damage, psychiatric illness, chronic drug or alcohol abuse, or any medical illness that could affect neurocognitive function. Objective cognitive abilities were within normal limits (i.e., not more than 1 SD below age-and education-adjusted normative values in neuropsychological testing), and there were no reports of subjective memory complaints in the healthy control cohort.
The first clinical cohort consisted of 90 subjects (42 men and 48 women) diagnosed with amnestic mild cognitive impairment (aMCI) according to Petersen's criteria (2000) with memory test scores of 21.5 SD. The second clinical cohort comprised 36 subjects (8 men and 28 women) with probable AD according to the McKhann and colleagues criteria (1984) . All patients with aMCI and probable AD underwent a standard examination protocol including magnetic resonance imaging, neurological, medical, and laboratory evaluation, a semi-structured clinical neuropsychological interview, and a neuropsychological test battery sensitive in detecting aMCI (Hort et al., 2007; Laczó et al., 2011 Laczó et al., , 2009 ).
Materials
We administered the paper -pencil versions of TMT-A and TMT-B to all study participants. Subjects were required to use a pencil to connect, with a line in proper ascending order, 25 encircled Arabic numerals that were randomly arranged on an A4 page (21 × 29 cm). For TMT-B, subjects connected stimuli that consisted of 25 encircled Arabic numerals and Latin letters in alternating order from A to K (not L in the Czech version). In Czech orthography, there is a "CH" digraph, a pair of characters used to write one phoneme (a distinct consonant /×/ in the International Phonetic Alphabet, e.g., "prach" [prax] "dust") that does not correspond to the normal values of the two characters combined (the Czech alphabet and a tabular, letter-by-letter comparison with the English alphabet, can be sent on request). This digraph is considered an individual letter, has its own place in the alphabet (after "H" and before "I"), and cannot be separated into constituent graphemes. The Czech version of the TMT is based on the original format of the English version (Preiss & Preiss, 2006; Reitan & Wolfson, 1993 ; U.S. War Department, Adjutant General's Office, 1944) and is part of the neuropsychological battery of the Prague Psychiatric Center (Preiss et al., 2007) .
Procedure
All participants were instructed in the aims and procedures of the study, provided signed, informed consent, and completed a neuropsychological test battery. The study was approved by the local medical ethics committee. Healthy volunteers completed a neuropsychological test battery administered according to the standardized test procedures. The TMT was administered in a standardized manner as part of the neuropsychological evaluation and provided sufficient motivation and effort. The administration of the TMT followed the procedures outlined in Strauss, Sherman, and Spreen (2006, p. 656) . The total score for TMT-A and TMT-B were measured as the total time in seconds required to complete both tasks (e.g., summation of total completion time of A and then separately of B). If subjects made an error(s), the examiner immediately called it to their attention, and then they had to proceed from the point at which the mistake occurred. Time did not stop during errors and correction of errors (Preiss et al., 2007; Strauss, Sherman, and Spreen, 2006) , and errors therefore were reflected in the total completion time rather than as a separate index (Reitan & Wolfson, 1993) . We computed mean total completion time (in s) for the TMT-A and TMT-B, and we derived the difference (TMT-B 2 A) and ratio (TMT-B/A) scores. Subjects also completed the Rey Auditory Verbal Learning Test (RAVLT), Beck Depression Inventory-Second Edition (BDI-II), and the 15-Item Geriatric Depression Scale (GDS-15). The tests were administered and scored following manualized instructions (Beck, Steer, & Brown 1996; Schmidt, 2004; Sheikh & Yesavage, 1986) .
Statistical Analyses
Pearson's correlation coefficients were used to describe the strength and direction of the linear relationships between the TMT and demographic variables (age and education). As these variables were significantly correlated with TMT performance, they were used as covariates in the initial data analyses. Analyses of variance (ANOVA) and covariance (ANCOVA) models were applied to evaluate differences among the groups. Significant findings were followed with post hoc analyses using Tukey's HSD. Multiple comparisons were adjusted using the Sidak correction method. Effect sizes were reported as partial eta squared (h 2 ). In accordance with prior studies (Martin et al., 2003; Stuss et al., 2001 ), all TMT-related variables showed a positive skew and were submitted to logarithmic transformation (log 10 ) prior to all analyses. However, to facilitate the comprehension of results, all values presented in the tables remain in standard, non-transformed units (Mitrushina, Boone, Table 1 . Basic participant characteristics, including demographic factors, RAVLT scores, and also performance on TMT-A, TMT-B, and derived TMT scores (B 2 A, difference; B/A, ratio) 
Results
Psychometric Properties of the Normative Sample
Demographic data for the Czech normative sample are presented in Table 1 . As age was significantly correlated with all TMT indices (TMT-A, n ¼ 420, r ¼ .40, p , .001; TMT-B, n ¼ 420, r ¼ .46, p , .001; TMT-B 2 A, n ¼ 420, r ¼ .38, p , .001; TMT-B/A, n ¼ 420, r ¼ .24, p , .001), accounting for 16%, 21%, 11%, and 5% of variance, respectively (Table 2) , participants were assigned to seven different age-groups that each spanned 10 years. Education was also correlated with TMT scores (Horton & Roberts, 2001; Lamberty et al., 1994 ; TMT-A, n ¼ 420, r ¼ 2.17, p , .001; TMT-B, n ¼ 420, r ¼ 2.26, p , .001; TMT-B 2 A, n ¼ 420, r ¼ 2.19, p , .001; TMT-B/A, n ¼ 420, r ¼ 2.20, p , .001), accounting for TMT performance to a lesser extent than age (3%, 7%, 3% and 4%, respectively, Table 2 ). Education was dichotomized into two levels (≤12 years vs. ≥13 years) and was taken into account in further analyses.
A 2 × 7 ANOVA with education and age as the between-subject factor was performed separately on all TMT scores and revealed that participants with ≥13 years of education had shorter completion times (TMT-A and TMT-B) and lower composite scores (TMT-B 2 A and TMT-B/A) than participants with ≤12 years of education. Regarding age, it appeared that both TMT-A and TMT-B completion times were longer in participants of ≥55 years (Table 3) , whereas there was no significant difference on either the TMT-B 2 A or TMT-B/A scores. The lack of any significant interaction indicated that the impact of education remains relatively constant, irrespective of participant's age. Normative data sampled in 10-year intervals for all four TMT-related indicators in a population of Czech native speakers, including the 95% confidence intervals, are presented in Table 3 . The final prediction equations resulting from a regression-based approach (e.g., Uttl, 2002) are available in Appendix.
TMT Clinical Utility
ANCOVAs were performed to explore the clinical utility of the TMT. Although we were interested in the effect of group status (Ctrl vs. AD vs. aMCI) on TMT performance, the latter was significantly correlated with age (n ¼ 547, r ¼ .27 to .53, Comparisons were performed among the Ctrl, AD and aMCI groups to examine if there were group differences on TMT performance. Of note, the proportion of females was higher in both the Ctrl and AD groups (in both groups, x 2 ≥ 11.11, p , .001). Yet, as gender did not impact any TMT indices, we collapsed it across all of the following analyses.
As can be seen in Table 4 , a series of one-way ANCOVAs revealed that TMT scores differed between the Ctrl group and both the AD and aMCI groups. We provided a set of concrete cutoff scores to indicate cognitive deficit in the next section. However, the performance between the Ctrl and AD groups on TMT-A did not significantly differ.
Receiver Operating Characteristic Analyses
In order to provide cutoff scores useful in the clinical neuropsychological setting, receiver operating characteristic (ROC) analyses were performed on 30 healthy participants matched to 30 AD and 30 aMCI patients, so as to control for the effect of both age and education. The main sample characteristics are detailed in Table 5 .
The ROC analyses (Table 6 ) resulted in robust cutoff scores between Ctrl and AD groups, and somewhat less robust but still acceptably accurate cutoff scores between the Ctrl and aMCI groups. More precisely, the TMT-B appeared to be the most accurate indicator (area under curve, AUC ¼ 0.93) for differentiating between the Ctrl and AD groups and TMT-B/A for differentiating (AUC ¼ 0.79) between Ctrl and aMCI. Thus, TMT performance appeared to be a reliable indicator of AD and aMCI diagnoses with respect to healthy controls. Moreover, TMT-A appears to be an acceptably accurate indicator for differentiating between the AD and aMCI groups (AUC ¼ 0.80). In sum, TMT performance allowed for reliable distinction between healthy controls and both AD and/or aMCI pathologies. Notes: M ¼ mean (expected value for ANCOVA); SD ¼ standard deviation (expected value for ANCOVA); F ¼ effect of clinical group; df ¼ degrees of freedom. Ctrl ¼ Healthy Control; AD ¼ Alzheimer's disease; aMCI ¼ amnestic mild cognitive impairment; RAVLT ¼ Rey Auditory Verbal Learning Test. One-way ANOVA were performed for age, education and RAVLT, whereas one-way ANCOVA (with age, education, and RAVLT as covariates) were performed for TMT scores. Different superscripts in one line indicate significantly differing means in post hoc analyses. ***p , .001. Table 5 . Main characteristics and TMT performance of matched Ctrl, AD, and aMCI samples Of note, the discriminant ability of all TMT performance scores between the AD and aMCI groups was very low (overall accuracy ≤ 0.52). Therefore, although TMT performance allowed for reliable distinction between healthy controls and both AD and/or aMCI pathologies, it did not allow for the same between AD and aMCI.
Discussion
Our results demonstrated that the influence of demographic variables on TMT-A and TMT-B performance using a Czech version of the TMT is comparable with prior research (Amodio et al., 2002; Drane et al., 2002; Hester et al., 2005; Horton & Roberts, 2001; Sherrill-Pattison, Donders, & Thompson, 2000; Zalonis et al., 2008) . Demographic variables, specifically age and education, accounted for a significant amount of variance in both TMT-A and TMT-B performance in our healthy, adult sample from the Czech population. As we have shown, younger participants needed less time to complete the test than older participants, regardless of education level.
Analysis of the TMT-derived scores showed that the TMT-B/A ratio score was insensitive to age, a finding supported by other studies (Horton & Roberts, 2001; Lamberty et al., 1994) . Moreover, education correlated with the TMT-B/A ratio and TMT-B 2 A difference scores, but the practical influence of education on TMT performance was rather low. Gender did not significantly correlate with TMT scores, a finding in accordance with previous studies (Lucas et al., 2005; Tombaugh, 2004) and partially in agreement with studies emphasizing its minimal but significant influence (Hester et al., 2005; Ivnik, Malec, Smith, & Tangalos, 1996; Lannoo & Vingerhoets, 1997; Mitrushina et al., 2005; Yeudall, Reddon, Gill, & Stefanyk, 1987) .
This study provided age-corrected TMT and regression-based normative values (Appendix) for the Czech version of the TMT, which uses Arabic numbers and differs slightly from the English version. Fernández and Marcopulos (2008) argued that cultural differences between versions of the TMT make it imperative to use normative data collected for the respective test. In support of this argument, we observed that the Czech TMT-B data (Bezdicek et al., 2012) are inconsistent with the most comprehensive TMT data generated to date (Tombaugh, 2004) . More precisely, it appeared that the Czech TMT-B completion times were significantly longer in all but the 65-74-year age group, even when we applied the Sidak correction for multiple comparisons. Given that this cannot be explained by differences in education, our study further stresses the need for culturally adjusted normative TMT data. Using non-culturally adjusted TMT normative data could possibly lead to critical diagnostic errors and inaccurate treatment recommendations. Mitrushina and colleagues (2005, p. 70 ) outlined the following seven guidelines for future normative TMT studies: (1) sample size of at least 50 subjects per group, (2) description of sample composition including exclusionary criteria and demographic characteristics, (3-5) presentation of data by age intervals, IQ, and education levels, and (6) presentation of mean and standard deviation for total TMT-A and TMT-B time in seconds. Normative data from the present study did not precisely meet all of the guidelines suggested by Mitrushina, particularly with regard to the sample size and the presentation of data by IQ. Our sample consisted of a small number of individuals over 75 years of age (n ¼ 9) with an education level of ≤12 years. Normative data for individuals over 85 years of age and IQ values for all age groups were unavailable in our study. However, these limitations can be compensated by the fact that this is the first broad, normative study on the Czech version of the TMT. The educational data were complete (Criterion 5), which is a variable that is highly correlated with IQ (Tombaugh, 2004) . Considering Criterion 1, our study consisted of only two age groups (20 -24 and ≥75 years) that fail to meet the criterion. Individuals of advanced age (in the present study, ≥75 years) with less education required more time to complete TMT-B; therefore, cautious interpretation of the results is warranted due to the restricted sample size. We also In exploring the diagnostic potential of the TMT indices, all but the TMT-A scores appeared to differentiate between controls and patients. The TMT-B time score and TMT-B 2 A differences scores were found to accurately differentiate both Ctrl and AD and Ctrl and aMCI, respectively. Based on ROC analyses, these scores thus can be viewed as clinical indicators of both AD and aMCI. Neither the TMT-A, TMT-B, nor the B 2 A difference or B/A ratio scores allowed differentiation between patient with probable AD and aMCI. In this respect, our data further highlight the importance of relying on performance profiles, rather than just psychometrically based single indices (Schretlen, Munro, Anthony, & Pearlson, 2003) .
In conclusion, the present study provided normative data for the Czech version of standard and derived TMT indices in young and elderly subjects. Our data will allow clinicians to evaluate individual TMT performance with greater precision, and importantly, attenuate the influence of age. Moreover, our data provide the basis for cross-cultural comparison with other normative TMT studies from Western and other cultures. Of importance, TMT indices, with the exception of TMT-A, may be useful clinical indicators in distinguishing AD and aMCI pathologies. A future direction for TMT research should concentrate on the comparison between large normative data across Western and non-Western countries, and study the non-equivalence of normative samples to specify more closely its sources.
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